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DENTAL CARIES IN THE LABORATORY: DEVELOPING A STANDARD 
TESTING METHOD FOR FUTURE RESEARCH IN CARIES PREVENTION 
 
ANGAD SINGH BINDRA 
ABSTRACT 
Dental caries has affected humans for millions of years and even today is present 
in a large portion of the world’s population.  There are several factors that can cause 
tooth decay, but one of the main reasons is sugar consumption.  As bacteria inside our 
oral cavity break down the carbohydrates and sugars we eat, they produce acid that seeps 
into the grooves and pits of our teeth and cause demineralization of the enamel.  
Subsequently, the enamel structure and composition is compromised and if left untreated 
for long enough, caries develop and can affect the dentin and pulpal layers, which contain 
the nerves and blood vessels, underneath the enamel.  Dentists restore dental caries by 
removing the decayed portions and filling the cavity with amalgam or composite material 
to mimic the dental anatomy that was present before.  Fortunately, caries can be 
prevented with regular oral hygiene such as brushing and flossing as well as sealants, 
especially in children, that can prevent pit and fissure caries in the molars.  Additionally, 
saliva acts as a pH buffer in our mouths to reduce the acidity caused by the bacteria and 
the fluoride in our drinking water and toothpastes assists in the remineralization process.    
With all the factors involved in dental caries, research is important in broadening our 
knowledge of the disease. 
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In order to conduct a study on caries, a researcher can choose to create a 
caries simulation model in a laboratory setting or use patients in a clinic setting.  
Each method has advantages and disadvantages.  Choosing a model can also depend 
on the research question, budget, or time.  The simplest model is the in vitro 
chemical demineralization model, in which researchers place teeth or slides of 
enamel or dentin into an acidic gel or solution for a specific time period before 
measuring the amount of demineralization that has occurred.  The advantages of 
this model are that it is inexpensive, easily reproducible, and studies can be 
completed within a reasonably short time frame.  The in vitro bacterial biofilm 
model uses several different species of bacteria that are commonly found during 
biofilm formation process in order to generate the type of acid that would be 
present in the oral environment.  Although the biological in vitro model is more 
clinically relevant than the chemical in vitro model, one of its main disadvantages is 
that unlike the chemical in vitro model, there is no way for remineralization to occur 
because the biofilm cannot be removed and reapplied periodically. In vivo studies 
are typically conducted on teeth in living patients and are usually the last step used 
in product testing.   
In situ studies offer scientists a compromise between in vitro and in vivo 
studies in regards to its cost, duration, and clinical relevance.  In this type of study, 
patients wear a dental appliance that contains test samples for a predetermined 
amount of time.  The benefit of this design is that researchers have access to an 
active oral microcosm present in the oral cavity. 
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 Typically, clinical trials are carried out after extensive experimentation in the 
laboratory.  In situ studies offer a middle ground between bench and clinical research 
models.  The purpose of this study was to explore the existing models used for caries 
simulation and determine whether a standardized model can be developed that can be 
used for future research on dental caries.  After reviewing the literature, there was no 
conclusive evidence that any one model would suffice for all types of experiments. 
Researchers should continue to use the most appropriate model for their particular study 
with the in situ model offering a compromise between in vitro and in vivo models.   
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INTRODUCTION 
Background 
 
With dental caries being one of the most prevalent diseases in the world, research 
on its development and prevention is necessary to minimize caries risk in the global 
population in the future.  However, in order to understand the research undertaken by 
today’s scientists, it is imperative to comprehend what dental caries are and how they 
develop.  In Latin, “caries” translates to “rot” and in Greek, “ker” means “death”.  
Therefore, “dental caries” refers to a dead tooth or one that is rotten.  The first step in 
caries development is the build-up of bacterial plaque on the surface of the tooth.  The 
plaque contains a biofilm containing bacteria that produce acids as they metabolize 
carbohydrates that enter the oral cavity.  Demineralization occurs where the acid starts to 
dissolve the enamel and continues until mineral is redeposited or the process is slowed 
through remineralization (Figures 1 and 2) (Featherstone, 2008).  Saliva and fluoride in 
our drinking water act to reverse the process of demineralization by redepositing mineral 
in cavitated teeth and neutralizing the acid released by cariogenic bacteria (Featherstone 
and Domejean, 2012).  However, when fermentable foods are eaten frequently, the low 
pH in the plaque is sustained and a net loss of mineral from tooth occurs which results in 
reduced structural integrity of the teeth.  Typically, the first sign of incipient caries of 
enamel is a white spot lesion where demineralization occurs under the plaque as areas of 
decalcification apical to the contact point on proximal surfaces (Figure 2)(Featherstone, 
2008).    
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Figure 1: The Caries Balance – This illustration shows which factors act in the caries 
demineralization process and which factors act to reverse or arrest that process.  The side 
the scale tips determines whether or not an individual is susceptible to caries (Figure from 
Featherstone, 2008) 
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Figure 2: Summary of the Caries Process – This illustration shows the components 
involved in demineralization and remineralization (Figure from Featherstone, 2008) 
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Figure 3: “White spot” lesion – This illustration shows what a “white spot” lesion 
looks like and where it can occur (Figure from Featherstone, 2008) 
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Histologically, the first changes seen are the loss of inter-rod substance of enamel 
with the increased prominence of the rods.  Smooth surface enamel lesions are usually 
cone-shaped, with the apex towards the dentin-enamel junction and the base towards the 
tooth surface.  Mutans streptococci, Lactobacilli, and Actinomyces are the main sources 
of the lactic acid that acts to separate calcium and phosphate, but there are a variety of 
other bacteria that can be involved in the formation of caries as well (Featherstone 2000).  
These bacteria can also work together to rapidly destroy both enamel and dentin.  Acid 
tolerance allows cariogenic bacteria to thrive under acidic conditions while beneficial 
bacteria are inhibited which results in a dominance of the plaque by cariogenic bacteria.  
Once the oral environment falls below a pH of 5.5, the teeth are more susceptible to 
caries.  However, both plaque and saliva are saturated with calcium and phosphate ions 
so they will go back into the enamel and recrystallize and this process of remineralization 
occurs even faster if the fluid next to the enamel is neutral or alkaline.  The end result of 
caries is not only the loss of teeth, but also a significant amount of pain caused by pulpal 
necrosis once the enamel is undermined.  Furthermore, by having caries on one tooth, 
individuals increase the risk of caries spreading and developing on their other teeth 
surrounding that one. (Featherstone, 2000) 
The incidence of caries can vary among individuals depending on a variety of 
factors, but most importantly an individual’s lifestyle (Figure 4)(Selwitz, 2007).  For 
instance, if an individual consumes large amounts of sugar on a daily basis and does not 
brush or floss their teeth, then they are at a higher risk of developing caries than someone 
who has a healthy diet and takes care of their oral environment.  However, some people’s 
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genetic makeup makes them more susceptible to caries so they would have to more 
attention to their lifestyle than the average person would.  Additionally, research has 
found a correlation between a higher risk of caries and other factors such as lower 
socioeconomic status and education, which suggests that unchangeable external factors 
also exist (Chopra et al. 2015).   
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Figure 4: Factors influencing caries – This illustration shows the factors involved in 
causing caries. The central ring describes the primary factors and the outermost ring 
details the tertiary factors (Figure from Selwitz, 2007) 
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Now to saliva’s buffering capacity, researchers and dentists have found an inverse 
relationship between the incidence of caries and salivary flow.  Therefore, caries will be 
less common in the lower incisors where salivary glands are present and the teeth are 
constantly bathed in saliva (Guo and Shi 2013). 
 There are six different classifications of caries depending on where they occur 
(Jeong, 2016).  Class I caries are found in the pits and fissures on the occlusal surfaces of 
posterior teeth and the lingual surfaces of anterior teeth.  Because pit and fissure caries 
are often deep, enamel in the bottom of the pit or fissure is very thin so early dentin 
involvement frequently occurs.  This type of caries is one of the most common and is 
usually detected using an explorer instrument to gauge the “stickiness” of a lesion.  Class 
II caries are smooth surface lesions located on the proximal surfaces of posterior teeth.  
This type is commonly detected using radiographs.  Class III caries are lesions on the 
mesial or distal surfaces of the anterior teeth but do not involve the incisal edge.  Class IV 
caries are lesions which occur in the proximal surfaces of anterior teeth, where the incisal 
edge requires a restoration.  Class V caries are lesions which occur in smooth facial and 
lingual surfaces in the gingival third of teeth.  Class VI caries are pit or wear defects on 
the incisal edges of anterior teeth or the cusp tips of posterior teeth (Figure 5)(Jeong, 
2016). 
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Figure 5: G.V. Black’s Classifications of Dental Caries – This table shows 
where each class of caries is found on a tooth.  As you can see, not all classes 
are applicable to every tooth in the human dentition (Figure from Jeong, 
2016) 
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The classical appearance of carious lesions in enamel manifests in four zones 
(Figure 6)(Islam, 2009).  The surface zone is a mineralized surface layer that remains 
almost unaffected but is still an important feature of an early enamel lesion.  This region 
remains heavily mineralized, with demineralization occurring below the surface.  One 
reason that has been suggested for this is that the surface zone contains a higher fluoride 
content, which favors lower acid solubility and the amount of fluoride decreases, moving 
from enamel surface to pulp.  Fluoride enhances remineralization by adsorbing to the 
crystal surface and attracting calcium ions, followed by phosphate ions leading to new 
mineral formation.  The body zone is the largest in area because it extends from the 
surface of the tooth into the enamel. This is the region where the bulk of the mineral is 
lost during the final stage of enamel destruction.  The dark zone appears as a dense, 
brown opaque band in which little structure can be seen.  It illustrates the dynamic nature 
of the carious process because there’s a previously demineralized area thought to be 
undergoing remineralization.  The translucent zone is the area with the first recognizable 
alterations in enamel structure observable by light microscopy.  Demineralization creates 
large pores at the prism junctures and cross striations (Islam, 2009).  
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Figure 6: Zones of Incipient Enamel Caries – This image shows where the 
different zones are located in an enamel lesion of a tooth. The body zone 
occupies most of the lesion while it’s evident that the surface zone is barely 
visible.  (Figure from Islam, 2009) 
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Humans have known about dental decay since recorded history, but it did not 
become a major health problem until sucrose became a major component of the human 
diet.  This explains why research on the caries epidemic did not begin until the 1950s 
when dentists in Europe started collecting reliable data from their patients. Unfortunately, 
the samples taken were biased to areas near dental schools in large cities.  Random 
samples were not taken in the United States until the 1960s (Marthaler 2004).  During 
this time period, dental caries prevalence was high in Western Europe where children at 
the age of 15 averaged 15 decayed/missing/filled teeth (DMFT).  After realizing the 
extent to which dental caries had affected the population, dentists started looking into 
preventive measures to lower the risk of caries in young adults.  Once dentists noted the 
effect of fluoride in caries prevention, there were a number of studies conducted that 
delved into how fluoride affects the dentition.  The Scandinavian countries were some of 
the earliest adopters of daily fluoride use to reduce the incidence of caries with 
widespread use of fluoride toothpastes beginning in the early 1970s.  As other countries 
took notice and began implementing measures to incorporate fluoride into their cities’ 
water supplies and recommending the use of fluoridated oral hygiene products, the caries 
prevalence decreased significantly.  However, in central and eastern Europe, fluoridated 
products are still too expensive for lower and middle class families, which is preventing a 
decline in caries prevalence even today (Marthaler 2004).   
In the United States, although there has been a significant decline in the 
occurrence of caries in the past few decades, it is still said to be five times more common 
than asthma among children and that number is on the rise (Benjamin 2010).  
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Furthermore, as lifespans increase across the world and more people have avoided the 
need for dentures, there has been an uptick in the caries occurrence among the elderly to 
the point that the statistics are comparable to those of children.  Although caries may not 
seem as bad as other diseases that affect the elderly such as Parkinson’s, Alzheimer’s, 
and cancer, it can still cause an individual a great deal of pain and can be costly to treat.   
Because of this, today’s dentists are moving towards a proactive model to prevent caries 
instead of using the retroactive model that has been used in the past to restore caries 
(Selwitz et al. 2007).    
Using an evidence-based approach, dentists can work towards a goal of caries 
prevention.  The reason this approach is needed is because people from all over the world 
are susceptible to caries and people from different regions carry different genes that can 
affect not only their susceptibility to caries, but also their oral ecosystem in terms of the 
types of bacteria that may be causing caries in their dentition.  Therefore, by collecting 
data and doing research on caries in different parts of the world scientists can diagnose 
and treat caries before they occur in a lot more people (Selwitz et al. 2007).   
In order to test caries prevention products in the laboratory, a scientist can choose 
from a variety of different caries-simulation models depending on the research question, 
equipment, and budget of the lab.  However, researchers must use models that not only 
speed up the caries development process but also mimic the human oral environment as 
closely as possible. Scientists have demonstrated numerous ways to try to accomplish this 
task whether it is using animals, artificial mouths, or test tubes, but correlating the data 
from these different models can often times be difficult because of the lack of 
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standardization.  Figure 77 gives an overview of all the different models scientists use 
(Ferracane 2017). 
 
 
 
 
Figure 7:  Models Used to Study Caries Formation using Composites – This 
illustration shows a comparison of the in vitro and in vivo models used to study 
caries formation around dental composite restorations.  (Figure from Ferracane, 
2017) 
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The in vitro demineralization method using acid was one of the first caries models 
introduced where thin sections or windows of enamel or tooth roots are immersed in acid 
buffer for days to months to create subsurface lesions similar to those produced by caries 
(Featherstone 1996).  In order to replicate the saliva component in the mouth, calcium 
and phosphate at specific concentrations and a surface dissolution inhibitor must be 
present.  The pH of the environment should be between 4.5 and 5.0 and the fluoride 
concentration in the system whether it is added or not must be noted (White 1987).  If the 
solid-to-solution ratio is unknown, the buffer can be used up or calcium and phosphate 
can build up rapidly which would slow or reverse demineralization.  Another addendum 
to this model is a thermal cycling step after the test material is placed in the tooth, but 
before its placement into the demineralization solution or incubation media (Staninec et 
al. 1988).  The disadvantages of this model are that there is no saliva component, 
remineralization stage, replenishing of acid, nor removal of released components from 
the test material.  Therefore, the results from this model must not be taken for granted 
because it leaves out many variables that are present in the human mouth leading to a 
certain degree of inaccuracy.  One disadvantage of this method is the buildup of 
remaining material in the solution.   
A variation of the previous method uses bacterially generated acids in which an 
enamel sample is immersed in a solution containing bacteria such as Strep mutans which 
produce acid like caries in the oral cavity (Featherstone 1996).   This model is primarily 
used for dental materials that release an antibacterial agent to test its efficacy in reducing 
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the bacteria in the mouth.  Another variable to test with this model would be different 
species and strains of bacteria so that the antibacterial agent can be tested for.   
In order to add the remineralization component to this type of testing, 
Featherstone developed a pH cycling model in which solutions can be changed on a more 
regular basis without the build-up of components in solution (Featherstone 1994).  This 
model measures the net result of demineralization inhibition and remineralization 
enhancement.  The remineralizing solution contains calcium and phosphate at a known 
saturation to imitate saliva’s ability to remineralize the dentition.  After immersing the 
enamel samples in the demineralizing solution for several hours, the samples are then 
cycled back and forth between the remineralizing and demineralizing solutions for a few 
days while adding solution at times defined by the research question.  This model would 
be better suited for research testing fluoride releasing dental materials than antibacterial 
agents (Featherstone 1996).   
The artificial mouth model is one of the newer caries simulation models devised 
within the last 20 years (Curzon et al. 1984).  Over the years, it has seen many updates 
and upgrades with advancements in technology. In its early years, the artificial mouths 
were custom built by scientists doing the research and suffered from many problems.  
However, it makes up for these problems by combining all the components of the oral 
cavity including clearance and saliva replenishment.   
With some animals having dentition similar to ours, scientists began 
experimenting with their oral cavities and found a striking correlation with similar human 
studies conducted using fluoride products (Stookey 1995).  The downsides of this type of 
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model is that they are costly, and  lengthy experiments so other models must first be used 
to see whether the investment in an in vivo animal test is even reasonable.  Another issue 
is that rat saliva isn’t the same as human saliva so the results will need to be taken with a 
grain of salt (Featherstone 1996).   
In situ studies area hybrid of in vivo and in vitro models.   In situ models use 
pieces of dental enamel that are placed in appliances in the oral cavity for long periods of 
time to assess remineralization or demineralization (Featherstone and Zero 1992).  Gauze 
is sometimes used to stimulate plaque growth.  Because this experiment is conducted in a 
patient’s mouth, researchers can test for a number of different variables including 
fluoride and bacteria.   Like animal testing, this model is also expensive and takes a long 
time.  Furthermore, this model lacks the accuracy of in vivo studies so it can only be used 
to predict probable clinical efficacy.     
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OBJECTIVES 
 
According to current literature, the majority of dental material studies are still 
using in vitro demineralization models or component release experiments, which in 
comparison to more complex caries-simulation models aren’t sufficient in fully testing 
caries inhibitory properties of dental materials (Featherstone, 1996).  Featherstone argues 
that his pH cycling model is superior to many of the other models that researchers are 
using and produces more accurate results.  Keeping this is mind, the goal of this paper is 
to evaluate the current models used, assess their pros and cons, and determine whether or 
not Featherstone’s pH cycling model should be used as the golden standard when 
performing caries simulations. 
This literature review aims to: 
 Define what caries are and how they impact oral health 
 Discuss treatment options for caries treatment 
 Identify different models used in the lab for caries simulation 
 Determine the best model that should be used for further research 
 Assess Featherstone’s claim about his pH cycling test being the best 
 
These objectives will allow us to better understand the research currently done in 
caries prevention, which will allow us to determine the best caries prevention materials 
that can be recommended to patients by dentists in the future. 
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  PUBLISHED STUDIES 
 
In Vitro Model Systems to Study Dental Biofilms 
With all the different caries simulation models available, many researchers have 
tried to compare models they have developed to those that exist in order to highlight the 
advantages of adopting the newer model.   
Bacterial biofilm model systems are divided into the closed batch and continuous 
culture models (Table 1) (Salli, 2015).  The continuous model is further divided into the 
artificial mouth model (AMM) and the flow cell.  These different models are used to look 
at where caries originate, how to prevent them, and how different bacteria and diet can 
affect cariogencity.  However, with all the different species of bacteria, it can be difficult 
to compare their biofilms because their formation times can vary and they can require 
different growth media in order to grow. 
The batch biofilm model can be used in vitro because it can form on a plate wall, 
surface of discs, coupons, pegs, or even human or bovine enamel within a well (Salli 
2015).  Although some models create a liquid shear force by dipping the biofilms in 
saline or other liquids during biofilm formation, the majority do not have salivary flow 
and nutrients like the oral cavity.  The upside of this model is that scientists can compare 
multiple test compounds or conditions simultaneously using minimal amounts of reagents 
and money. 
The Zurich biofilm model is one of the most commonly used batch biofilm 
models because it allows the interspecies associations of six different microbial species to 
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be studied with respect to biofilm formation and how macromolecules of different sizes 
can penetrate the biofilm in vitro (Salli 2015).  
 
  
 
2
1
 
Table 1:  Batch versus Continuous Culture Models – This table shows the main differences between batch 
biofilm model, artificial mouth model (AMM), and flow cell biofilm models (Table from Salli, 2015) 
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The batch biofilm model has been used in a number of different experiments.   
One system that was developed for this model was the Calgary Biofilm Device (a 96-well 
plate system using lids with 96 pegs for biofilm formation) because it allows rapid testing 
for antibiotic susceptibility in a biofilm model, with or without agitation (Ceri et al., 
1999).  It has been used extensively to determine the Minimal Biofilm Inhibitory 
Concentration, Minimal Biofilm Eradication Concentration and Biofilm Bactericidal 
Concentration for various antibiotics and antimicrobials.   
Another modification of the batch biofilm model was made to reduce the constant 
exposure to sucrose during biofilm growth, which is not found in the oral environment.  
This is done with intermittent exposure to sucrose and a test substance.  The drawback to 
this modification is that it cannot be used to evaluate the effect of bacterial adhesion 
properties when anti-biofilm compounds are tested against a mature biofilm (Salli 2015).  
Steiner-Oliveira et al. (2011) used this approach to study caries formation in human 
dentin by using artificial saliva as a growth medium with periodical exposures to sucrose.  
As compared to in vivo models, the model showed a direct relationship between sucrose 
exposure and increased lesion development, but since the model has no saliva clearance it 
was not able to yield proper remineralization between sucrose exposures.  van de Sande 
et al. (2011) developed a microcosm batch biofilm model for estimating demineralization 
using bovine enamel discs, saliva analog growth media, and periodical sucrose exposures 
to compare mother-child pairs and their susceptibility to a regular sucrose exposure.  It 
was found that under sucrose exposures, biofilms showed similar microbial changes and 
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mineral loss regardless of the individuals, thus suggesting that diet and behavioral factors 
can be more important causes of caries development than transmission of microbes.   
With the advancement of technology like Quantitative Light-induced 
Fluorescence-Digital illuminator (QLF-D), scientists can now quantify biofilm bacteria 
and the red fluorescence seen with QLF-D was shown to correlate with cariogenicity of 
the biofilm in a microcosm model (Salli 2015).  Therefore, it was effective in monitoring 
biofilm maturation so it could be used to monitor cariogenic biofilm maturation in 
clinical practice.  
The artificial mouth model (AMM) is a prime example of a continuous biofilm 
model that uses an open-surface fluid flow rather than flow cells with closed flow.  The 
AMM aims to simulate the oral biome by providing intermittent flow of nutrients over 
the biofilm and using similar temperature, humidity, sucrose, supply, and pH.  As 
compared to the batch models, AMM is more costly and complex, but it offers a means to 
investigate the mechanism of action of microbes and the compounds being tested as well 
as the overall growth and structure of plaque (Salli 2015).   
It has been found that defined multispecies biofilm AMMs using three to four 
species allows for a more detailed and easier analysis of bacteria present in comparison to 
a microcosm AMM (Salli 2015).  Consortia biofilms are larger than monospecies 
biofilms, but cause more enamel softening.  However, adding sucrose to a consortia 
biofilm yielded a pH curve similar to that found in vivo.   
Forssten et al. (2010) came up with a dental caries simulator consisting of a 
continuous flow system with standardized artificial saliva flow.  The temperature is 
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controlled, and the artificial saliva is mixed continuously.  This model makes it possible 
to monitor he initial steps of bacterial adherence to hydroxyapatite discs used as model 
teeth and the subsequent biofilm formation (Figure 8) (Forssten et al, 2010).   
 
 
 
 
 
 
 
 
  
Figure 8: Dental Simulator – 1. Reservoir for artificial saliva. 2. Inlet Pump. 3. 
Simulation vessel with constant stirring and added bacteria. 4. Sample collection 
during the simulation. 5. Outlet Pump. 6. Waste.  (Figure from Forssten et al, 2010). 
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A deeper understanding of biofilm formation and the factors connected to it has 
come about from the advances in analytical methods of biofilms and its components.  
However, the microcosm AMM comes closest to replicating the in vivo test conditions of 
the oral biome.  As the bacteria become more complex, though, so does the interpretation 
of the results.  However, the advances in the methods used for analyzing the biofilm and 
its components have also led to a deeper understanding of the biofilm formation process 
and the factors connected to it.  Newly developed methods such as cross-polarization 
optical coherence tomography (CP-OCT) allow scientists to study the early stages of 
caries formation without disturbing the biofilm by taking images of the hydrated sample 
within minutes as it is removed from the biofilm reactor (Salli 2015).   
Flow cells differ from closed batch models because the liquid phase only moves 
in one direction and mixing occurs by diffusion.  As a result, the conditions can vary by 
location within the reactor.  Schlafer et al. (2011) came up with a five-species flow cell 
biofilm model which focuses on changes in the early caries process when only mildly 
acidogenic bacteria are present.  The model is highly reproducible and shows structural 
similarity to in vivo biofilms.  Additionally, it can be used to test substances that affect 
early stages of caries development and has been used to evaluate the inhibitory effect of 
osteopontin on new biofilm formation. 
Biofilm models offer a practical and ethical way of exploring new opportunities to 
investigate and fight dental caries.  With the development of new biofilm models, our 
understanding of the biofilm process and the factors involved in the formation and 
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structure of a biofilm have increased.  Furthermore, scientists are developing new ways to 
influence pH levels in the oral cavity to improve the remineralization of the enamel, to 
prevent the proliferation of pathogenic bacteria by antimicrobials, and to change the 
metabolism of bacteria so that they become less harmful.  Ultimately, the research 
question should narrow down a researcher’s choices on which model to use whether it is 
to develop new restoration materials or reduce the risk of developing secondary caries 
(Salli 2015). 
 
Models of Caries Formation around Dental Composite Restorations 
Ferracane’s (2017) paper on models of caries formation around dental composite 
restorations provides an overview of the common caries models currently being used by 
researchers.  Secondary caries and restoration fractures are the main reasons for replacing 
composite restorations.  The presence of bacterial biofilms have been found to be the 
primary trait associated with the occurrence of secondary caries.  Therefore, it is 
imperative to study the resistance of the tooth and restorative materials to the chemical 
and bacterial components of the oral cavity to gain a better understanding for the cause of 
secondary lesions (Ferracane 2017).   
The caries simulation models are subdivided into in vitro and in vivo models.  In 
vitro methods involve chemical or biological challenges and utilize static incubation 
periods at low pH or cycling between low pH and neutral remineralizing solutions that 
simulate the environment in the oral cavity.  The models can be modified to use single 
species, multispecies, or saliva-derived oral microcosm biofilms.  For in vivo methods 
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that involve dental composite-tooth interfaces worn by humans or animals, preformed 
composite-tooth gaps are used (Ferracane 2017). 
The simplest way to study secondary caries formation around dental composite 
restorations is to place a restored tooth or section of a restored tooth into an acidic 
solution under static conditions and monitor passive demineralization of enamel and/or 
dentin over time (Dionysopoulos et al. 2003).  It has been suggested that lactic acid-
sodium lactate with a small amount of hydroxyapatite in a methylcellulose gel slowly 
produces caries-like lesions similar to those formed in vivo (Kotstanos et al. 1989). 
Storage times can range from 2 to 15 weeks to create carious lesions (Dionysopoulos et 
al. 2016). Some of the methods used to gauge the amount of demineralization include 
hardness testing (Almeida Ayres et al. 2015), polarized light microscopy (Dionysopoulos 
et al. 2016), microradiography (Kuper et al. 2013), laser confocal microscopy (Fontana et 
al. 1996), and optical coherence tomography (Turkistani et al. 2015).   
While some studies use a microcosm model derived from human saliva to create a 
complex biofilm, the majority utilize Streptococcus mutans.  The reason for this is 
because the microcosm model is hard to control in regards to knowing specifically how 
individual bacteria are involved in the caries process. To counter this, some researchers 
use two or more bacterial species to create a competitive environment similar to that in 
the oral cavity.  Nutrients for the biofilm formation are either provided via a flowing 
culture system or statically for 1 to 4 weeks (van de Sande et al. 2014).   
In in situ studies, patients wear an appliance with a tooth-composite interface and 
rely on the bacteria produced in their oral cavities to create colonies that can be studied 
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(van de Sande et al. 2014).  Patients usually remove the appliance 8 to 10 times a day to 
submerge it in a concentrated sucrose solution for 10 minutes to mimic an acid attack 
which raises the risk of caries (Kuper, van de Sande, et al. 2015).   
Secondary caries in animals or humans are the most clinically relevant; however, 
due to their complexity they are rarely reported (Ferracane 2017).  Furthermore, most of 
the studies that have been conducted assess the efficacy of composite materials rather 
than exploring the factors that influence the development of secondary caries.  According 
to Bowen (2013), animal models have been used for several years to investigate caries, 
but very few records exist that give a detailed protocol on how the model was used.   
Due to the advantages and disadvantages of in vitro and in vivo studies, it is 
difficult to select a standardized experiment that would be applicable to all studies related 
to caries development (Table 2) (Ferracane 2017).  In vitro models are cheaper, quicker, 
simpler, and have the capability to test more variables than an in vivo model.  Therefore, 
in vitro models are best used for screening material or systematically studying specific 
variables because they lack the overall clinical relevance that in vivo models have.  
Meanwhile, in situ models’ results can be complicated by patient compliance issues 
because most of them use removable appliance that require the patients to adhere to 
specific protocols for wearing and care (Ferracane 2017).  In summary, in vitro and in 
situ models cannot come close to replicating the oral ecosystem of a live patient as an in 
vivo model can in terms of time and conditions (Ferracane 2017).      
 
 
Table 2:  Advantages and Disadvantages of Caries Simulation Models – This table describes the 
advantages and disadvantages of using each model (Table from Ferracane, 2017). 
2
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It has long been known that composite does not protect a tooth from 
demineralization in   a highly acidic environment except along a cavity wall where the 
best bonding is present (Ferracane 2017).  This has resulted in most studies comparing 
chemical demineralization among composite, glass ionomer, or some other fluoride 
releasing material (Ferracane 2017).  The takeaway from the majority of these studies has 
been that the extent of lesions formed in dentin and enamel around restorations that leach 
fluoride is minimized as compared to nonfluoride releasing materials (Dionysopoulos et 
al. 2016).  Several studies have found significant correlations between increased 
demineralization area and increased gap length on enamel and dentin walls in composite 
restorations, as well as evidence for reduced rate of lesion formation at margins 
associated with fluoride releasing adhesives (Ferracane 2017).  Loading can also play a 
role in the extent of a lesion.  According to Kuper et al. (2013), higher load levels 
increased the extent of lesions while nonloaded samples did not have any wall lesions 
despite the absence of bonding. 
In vitro models analyzing bacterial biofilms have focused on identifying potential 
beneficial effect of fluoride releasing materials (Ferracane 2017).  Like the chemical 
demineralization studies that used acidic gel, bacterial demineralization studies have 
provided evidence for reduced lesion formation for glass ionomers versus composites, 
which suggests that fluoride could have had a direct effect, or it is due to a buffering 
effect from the glass ionomer because it is solubilized by bacterial acids (Kramer et al. 
2015).  Li et al. (2014) also demonstrated the effect of a biofilm on the degradation of the 
interfacial adhesion between the composite and tooth structure. 
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One area that has been studied extensively is the effect of preformed gaps on 
lesion formation around composite restorations exposed to bacterial biofilms (Ferracane 
2017).  These studies confirmed that there was a direct correlation between gap size and 
increased lesion severity.  Khvostenko et al. (2015) used biofilms to create lesions around 
composite restorations to examine the relationship between mechanical loading and gap 
size.  This purpose of this study was to show that penetration was enhanced with 
mechanical loading, permitting bacteria to colonize the full depth of the interfacial gap at 
the axial wall.  Demineralization was confirmed using confocal microscopy and 
microhardness measurements to show that lesions associated with bacteria on the dentin 
cavity wall were present.   
In situ studies use gap-free restorations placed in dental appliances which are then 
worn by patients for weeks to months.  These studies have been useful in showing 
reduced demineralization around specific fluoride-releasing materials (de Moraes et al. 
2016) as well as materials containing antimicrobial (van de Sande et al. 2014) or 
remineralizing (Melo et al. 2013) compounds.  A few studies found that wall lesions do 
not form in the absence of a gap, even in the presence of leakage for a nonbonded 
restoration (Kuper et al. 2014).  In situ studies have confirmed in vitro studies’ findings 
that wall lesions can form independently of outer lesions, but in situ studies also found 
that wall lesions did not form when gaps of limited width solely formed because of 
polymerization shrinkage.  Wall lesions required gaps of at least 50 µm, but there was no 
clear indication of a minimum size or correlation of lesion size on gap size (Kuper et al. 
2014).  With composite bonded to the tooth, it was not evident that the presence of the 
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composite margin enhanced surface lesion progression (Thomas et al. 2007).  Typically, 
lesions form parallel to the outer surface of the tooth with a slightly triangular shape at 
the composite interface but without progressing more apically (Ferracane 2017).  A larger 
gap causes the lesions to extend deeper down the wall resulting in an “L” shape.  Figure 9 
shows an example of a triangular lesion forming at the composite-dentin margin with a 
shrinkage gap in an in vitro biofilm study (Khvostenko et al. 2015).  In situ studies have 
found that lesion progression is closely correlated with clinical restorations in dentin and 
enamel with 1 to 2 µm of degradation per day in enamel and 2.5 times that rate in dentin 
(Thomas et al. 2007). 
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Figure 9: Marginal Widening – This figure illustrates marginal widening (mw) 
occurring due to demineralization at the intersection of a composite (c) dentin (d) 
restoration with a contraction gap being colonized by bacteria (b) in an in vitro 
biofilm model (Figure from Khvostenko et al. 2015). 
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Due to the ethical implications of experimenting on living patients, little research 
on secondary caries formation around composite restorations exists.  Kuper et al. (2012) 
studied data collected from a dental practice in the Netherlands to determine whether the 
gingival extension of a proximal amalgam or composite restoration influenced secondary 
caries formation.  The results showed that dental composites have a higher susceptibility 
to secondary caries as compared to amalgam, but composites with gingival extensions 
apical to the cementum-enamel junction did not fail more often due to secondary caries 
(Kuper et al. 2012).  Papagiannoulis et al. (2002) studied the influence of a marginal gap 
on secondary caries with dental composite restorations and included an in vitro caries 
model study to compare to.  The in vivo study used glass ionomer and composite 
restorations placed on preformed gaps on the buccal surface of all four premolars of four 
low caries risk volunteers who were scheduled for orthodontic extractions while the in 
vitro study placed extracted premolars with similar restorations in an acidic gel for four 
weeks.  The results of the in vivo study showed that lesions were formed at most but not 
all margins with gaps, with no beneficial effect of using a glass ionomer restoration, and 
no lesion development at the margins without gaps, accentuating the importance of 
marginal sealing.  On the other hand, the in vitro results showed lesion formation at 
margins with and without gaps, and the gaps were shallower in the glass ionomer versus 
composite restorations (Papagiannoulis et al. 2002).  Therefore, when comparing 
fluoride-releasing and non fluoride-releasing materials in in vivo, in vitro, and in situ 
studies, the results are not always the same and can have completely opposite outcomes. 
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Although in vitro studies lack the clinical relevance of in vivo studies, they are 
effective in comparing several variables and using pH cycling techniques when 
necessary.  However, biological in vitro models use bacterial biofilms which most 
accurately simulates the oral environment among all in vitro models.  While in vivo 
studies closely relate to live patients in the dental chair, varying patient factors, time 
frames, and costs make them unfeasible for the majority of scientists studying caries.  
Therefore, the in situ model provides the best available compromise of clinical relevance 
from in vivo studies and the ability to control key variables from in vitro studies.  The 
most important goal for researchers should be to correlate results from specific models to 
caries in the real world rather than getting bogged down in the data of the study 
(Ferracane 2017). 
 
Artificial Mouth Model Systems 
While studying caries, it is important to replicate the oral environment as closely 
as possible.  One method that was devised at the end of the 19th century by Magitot and 
Miller was a much simpler version the in vitro ‘artificial mouth’ model (AMM) scientists 
used today (Tang et al. 2003).  The underlying method of operation of this model is to 
provide a continuous or intermittent supply of nutrients to bacterial plaque or biofilms 
similar to that found in the oral environment.  Early versions of the AMM succeeded in 
decalcifying extracted teeth, but failed to take dental anatomy, enamel composition, and 
the related oral environment into account.  The studies that followed attempted to gain 
insight into the role various proteins, salts, carbohydrates, and acids played in the 
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development of caries, specifically the acids produced during sugar fermentation.  
However, these studies overlooked bacteria and the difference between natural and 
artificial lesions.   
It was not until the early 1950s when Dietz and Pigman invented the basis of 
currently available ‘artificial mouth systems’ that closely mimicked the oral environment.  
This model, as seen in Figure 10, used extracted teeth mounted in an acrylic box that 
were placed in a standard, glass cylindrical funnel and subjected to a continuous fresh 
nutrient medium (Pigman et al. 1952).  Even though this model was an improvement over 
previous models with the ability to control pH, nutrient flow-rate, and atmospheric 
conditions, the results still were not always accurate (Tang et al. 2003).  Contamination 
with Staphylococcus aureus, large dimensions for a laboratory incubator, and unrealistic 
flow-rate and irrigating fluid composition led to unsatisfactory outcomes.  However, 
Wagg (1957) made a beneficial modification to the system by allowing the continuous 
irrigation of the lesional surface to be maintained with saliva substitutes. 
With the advances in technology, scientists were able to improve on the artificial 
mouth model with each iteration.  By the early 1990s, scientists such as Sissons et al. 
(1991) had developed an advanced multiple artificial mouth (MAM) model that could be 
used for long-term growth of multiple plaque samples with a standardized, simulated oral 
environment generated by computer controlled facilities.  Figure 11 shows how all the 
culture units were housed in a single culture chamber in order to maintain controlled and 
identical experimental conditions among multiple artificial mouths (Sissons et al. 2000).  
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Without the possibility of contamination and controlled temperature and gas fluctuations, 
it became easier to simulate naturally occurring plaque (Sissons et al. 2000). 
      
 
 
       
Figure 10: Pigman’s Artificial Mouth Model – This diagram illustrates one of the 
first artificial mouth models designed by Pigman et al. (Figure from Pigman et al. 
1952). 
 
 38 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Sissons’ Artificial Mouth Model – This diagram depicts an artificial 
mouth model designed by Sissons et al. (2000). (A) Cross-section of biofilm growth 
station; (B) longitudinal section of culture chamber (Figure from Sissons et al. 2000). 
2000 
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With the artificial mouth model, there are many paths a scientist can take to 
studying caries whether it be changing the environmental pH, fluoride levels, or anti-
bacterial agents (Tang et al. 2003).  One area that has not been studied with this model is 
root caries which are becoming increasingly prevalent among older people losing their 
teeth.  In conclusion, despite the need to confirm results with in vivo studies, this in vitro 
model can be used as an effective tool at simulating the oral microcosm because of its 
flexibility and adaptability (Tang et al. 2003).   
 
Amsterdam Active Attachment Biofilm Model 
A research group based out of Amsterdam, Netherlands led by Dr. J.M. ten Cate 
developed several different experimental models to comprehend the dental caries process.  
In 1982 ten Cate and his group of researchers came up with a pH cycling model in which 
they subjected teeth to a pH-neutral environment that was periodically interrupted by acid 
attacks, similar to those found in the mouth when sugars are metabolized.  This model 
was quickly adopted by the scientific community for product development and to study 
fundamental questions on caries pathogenicity, and it is still widely used today.  
Although it is robust, easily reproducible, and reliable, the pH cycling model only 
simulated a limited number of specific processes in the oral cavity (ten Cate et al. 2015). 
In 1974, Koulourides et al. placed pieces of dental enamel in the mouth of 
volunteers to assess changes in the dental tissues.  It was not until 1985 when ten Cate 
and his team tried to fit research participants with partial dentures containing pieces of 
enamel and dentin to test the efficacy of toothpaste in its effect on caries and caries 
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reversals.  The study led to some valuable insight into toothpaste efficacy, but also the 
large amount of variability that can be present in a population in terms of bacteriological 
or physiological parameters which suggests that large sample sizes are necessary to 
accurately predict product efficacy (ten Cate et al. 1992). 
In order to study the fundamentals of dental caries to improve prevention, ten 
Cate et al. needed a more comprehensive understanding of its bacterial etiology (ten Cate 
et al. 2015).  His team found that fluoride is necessary to maintain healthy teeth when the 
frequency of meals increases (Figure 12)(ten Cate et al. 2015).  In order to measure this, 
initial studies analyzed acid-base patterns throughout the plaque in simulated fissures and 
noted how these were affected by small portions of glucose added periodically.  The 
results showed a drop in pH levels after consuming glucose indicating cariogenic activity 
and demineralization of surrounding dentin (Zaura et al. 2002). 
ten Cate et al. (2015) hypothesized that there was a discrepancy between single-
living and communal-living bacteria and this was causing new products that seemed to 
have high potential in the lab to give unsatisfactory results in the clinic.  In order to test 
this hypothesis, they developed a model they called the Amsterdam Active Attachment 
(AAA) biofilm model in which they first tested several antibacterial agents to gauge their 
efficacy of removing bacterial biofilms. There was a significant difference in biofilms 
grown with single bacterial species versus biofilms grown from a saliva inoculum.  
Furthermore, the biofilms’ sensitivity to antimicrobial treatments depended on the age of 
the biofilms (Exterkate et al. 2010).   
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Figure 12: pH Patterns in Dental Plaque – This figure shows the pH patterns in 
dental plaque under three different eating regimens. (a) After three meals a day, there 
are longer periods of remineralization (b) Snacking or 6 evenly spaced meals shortens 
the remineralization periods (c) Constant grazing only allows for a few 
remineralization gaps (Figure from ten Cate et al. 2015). 
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The purpose of creating this model was to produce reproducible dental plaque-like 
biofilms that could be studied for their properties and to test antimicrobial substances (ten 
Cate et al. 2015).  
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DISCUSSION 
 
 
Caries is a disease that affects people worldwide and is an important topic of 
research.  As our knowledge of the oral microcosm has grown over the years, the 
prevalence of caries has diminished.  With the discovery of fluoride’s effect on reducing 
the rate of caries and the introduction of fluoride into drinking water and oral hygiene 
products, scientists have made a significant positive impact on the lives of the average 
individual.  Despite all the progress we have made, however, caries has not been 
completely eradicated yet especially amongst populations coming from a low 
socioeconomic background and with lower levels of education.  Therefore, it is 
imperative that more time and capital is applied towards caries research.  There are a 
number of different caries simulation models that exist and that are actively used for 
testing oral hygiene products and understanding the caries development process better.   
The simplest model is the in vitro chemical demineralization model, in which 
researchers place teeth or slides of enamel or dentin into an acidic gel or solution for a 
specific time period before measuring the amount of demineralization that has occurred.  
The advantages of this model are that it is inexpensive, easily reproducible, and studies 
can be completed within a reasonably short time frame.  Furthermore, with pH cycling, a 
process in which the samples are removed from the acidic gel periodically, researchers 
can simulate the remineralization process in their experiments.  However, it is also one of 
the least clinical relevant models because in the oral cavity, the acid is produced from a 
bacterial biofilm that is produced by eating foods rich in carbohydrates and sugars. 
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The in vitro bacterial biofilm model uses several different species of bacteria that 
are commonly found during biofilm formation process in order to generate the type of 
acid that would be present in the oral environment.  Although the biological in vitro 
model is more clinically relevant than the chemical in vitro model, one of its main 
disadvantages is that unlike the chemical in vitro model, there is no way for 
remineralization to occur because the biofilm cannot be removed and reapplied 
periodically.         
In vivo studies are typically conducted on teeth in living patients and are usually 
the last step used in product testing.  Of course, there are plenty of ethical implications 
with experimenting on humans, but there is no other model that is more clinically 
relevant.  Other disadvantages of the in vivo model include high costs, long durations, 
and variability among patients’ oral ecosystems.  Genetic factors can play a role in 
influencing salivary flow, dental anatomy, and enamel composition and thickness (Bretz 
et al. 2003).   
In situ studies offer scientists a compromise between in vitro and in vivo studies in 
regards to its cost, duration, and clinical relevance.  In this type of study, patients wear a 
dental appliance that contains test samples for a predetermined amount of time.  The 
benefit of this design is that researchers have access to an active oral microcosm which is 
close to impossible to replicate in the laboratory while not using any unethical human 
study practices.  Like the in vivo study, the downside would be the variability in each 
person’s oral ecosystem as well as whether the volunteers for the study actually follow 
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the scientists’ instructions in terms of how to wear and treat the dental appliance that was 
given to them. 
Today’s modern technology opens the door of possibilities to improving the 
existing models that are being used to evaluate the efficacy of oral hygiene products.  
From controlling the acidity to maintaining constant atmospheric conditions and 
temperatures, computers have brought us a long way from the days when human error 
was commonplace.  There is no one model that can be used in every experiment because 
each research study has a different question, budget, and subject parameters.     
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